The pathogenic fungus Candida albicans is able to cover its most potent proinflammatory cell wall molecules, the b-glucans, underneath a dense mannan layer, so that the pathogen becomes partly invisible for immune cells such as phagocytes. As the C. albicans histidine kinases Chk1p, Cos1p and CaSln1p had been reported to be involved in virulence and cell wall biosynthesis, we investigated whether deletion of the respective genes influences the activity of phagocytes against C. albicans. We found that among all histidine kinase genes, CHK1 plays a prominent role in phagocyte activation. Uptake of the deletion mutant Dchk1 as well as the acidification of Dchk1-carrying phagosomes was significantly increased compared with the parental strain. These improved activities could be correlated with an enhanced accessibility of the mutant b-1,3-glucans for immunolabelling. In addition, any inhibition of b-1,3-glucan-mediated phagocytosis resulted in a reduced uptake of Dchk1, while ingestion of the parental strain was hardly affected. Moreover, deletion of CHK1 caused an enhanced release of interleukins 6 and 10, indicating a stronger activation of the b-1,3-glucan receptor dectin-1. In conclusion, the Chk1p protein is likely to be involved in masking b-1,3-glucans from immune recognition. As there are no homologues of fungal histidine kinases in mammals, Chk1p has to be considered as a promising target for new antifungal agents.
INTRODUCTION
The pathogenic yeast Candida albicans is a commensal organism, but can cause mycoses, particularly in immunocompromised individuals such as patients undergoing chemotherapy, or suffering from transplant immunosuppression or HIV infection. Diseases caused by C. albicans range from local, superficial infections of the skin and mucosa to life-threatening systemic candidiasis. C. albicans bloodstream infections have recently been described as resulting in mortality rates of more than 40 % (Moran et al., 2009) . Though antimycotic agents are available, treatment is complicated due to the host toxicity of the common antifungal agents, especially of amphotericin B, and the emergence of drug-resistant C. albicans strains (Chauhan & Calderone, 2008; Cowen & Steinbach, 2008; Singh et al., 2009 ).
To establish a successful infection within the host, C. albicans expresses numerous virulence factors, including the morphological switch between yeast and hyphal growth, secretion of hydrolytic enzymes, biofilm formation, and the ability to adhere to host surfaces (Calderone & Fonzi, 2001; Mitchell, 1998; Siqueira & Sen, 2004; Stehr et al., 2000) . Moreover, the structure of the C. albicans cell wall, in particular the arrangement of polysaccharides, i.e. b-glucans, mannans and chitin, influences the immune response and thus the pathogenicity of the fungus (Chaffin et al., 1998; Ruiz-Herrera et al., 2006) . Particularly the bglucan layer is of major relevance for host-pathogen interactions (Poulain & Jouault, 2004) . Phagocytes, like macrophages and neutrophils, which act as a first line of immune defence against fungal infections, express different transmembrane pattern recognition receptors (PRRs), of which several are activated by binding b-glucans, so that these cells are mainly stimulated by these immunomodulatory compounds (Herre et al., 2004; Taylor et al., 2002) . One of the major b-glucan-recognizing PRRs is the C-type lectin-like receptor dectin-1 (Brown et al., 2002; Gow et al., 2007; Willment & Brown, 2008) . Once activated, dectin-1 triggers defence mechanisms such as uptake and killing of the pathogen as well as inflammatory processes. In addition, the Toll-like receptors (TLRs) and mannan receptors also interact with fungal cell wall constituents. These interactions stimulate cytokine production, but unlike dectin-1, these receptors are not known to trigger phagocytosis (Le Cabec et al., 2005; Lee et al., 2003; Netea et al., 2008) . Thus, b-glucans are important for the immune defence against C. albicans, but the pathogen predominantly hides its b-glucan layer underneath a dense coat of mannoproteins and thereby avoids recognition of the b-glucans by the immune system (Netea et al., 2008; Ruiz-Herrera et al., 2006; Wheeler & Fink, 2006) .
Uncovering mechanisms responsible for the regulation of the cell wall structure, such as masking of b-glucans, could provide novel targets for anti-Candida agents. It is noteworthy that the two-component signal transduction systems of C. albicans are known to be related to the virulence and cell wall biosynthesis of this pathogenic fungus (Kruppa & Calderone, 2006) . In these cascades, signalling is achieved by a multistep transfer of a phosphoryl group from histidine to aspartate ('phosphorelay'), a principle that does not exist in mammalian cells, which generally use serine, threonine or tyrosine phosphorylation of proteins (Santos & Shiozaki, 2001 ). Thus, two-component signal transduction systems have recently been discussed as promising antifungal drug targets (Chauhan & Calderone, 2008) . Histidine kinases are integral parts of these pathways. In C. albicans, three histidine kinases have been identified: CaSln1p, Cos1p (also known as CaNik1p) and Chk1p (Alex et al., 1998; Calera et al., 1998; Nagahashi et al., 1998) . Deletion of any of the encoding genes causes an impaired pathogenicity of C. albicans in mouse systemic candidiasis models (YamadaOkabe et al., 1999) , but the most dramatic effects have been described for CHK1-deficient strains (Calera et al., 1999) . In the study of Torosantucci et al. (2002) on the interaction of Dchk1 and human neutrophils, enhanced killing of the mutant was observed, which was ascribed mainly to an increased sensitivity of the mutant to stress conditions within the phagocytic cell. However, the interaction was not investigated in more detail. Furthermore, disruption of CHK1 leads to an alteration in the structure of cell wall mannans and the amount of b-glucans (Kruppa et al., 2003) . In that study, mannan chains, which normally shield the b-glucans from the environment, were truncated and the amount of b-glucans was reduced. Due to these findings, an exposure of the b-1,3-glucan layer of the mutant can be assumed, even though there is no direct experimental evidence so far. Even less is known about the influence of the other two histidine kinases, CaSln1p and Cos1p, on cell wall biosynthesis, although a comparison of the expression of genes involved in mannan synthesis in mutants lacking one of the histidine kinase genes has indicated that each of the C. albicans histidine kinases regulates similar functions in cell wall assembly (Kruppa et al., 2004) .
Signalling from histidine kinases is considered to be transmitted through a phospho-histidine intermediate protein to a response regulator, of which C. albicans possesses two, CaSsk1p and CaSkn7p (Calera & Calderone, 1999b; Singh et al., 2004) . Unlike histidine kinases, CaSkn7p is not required to establish a successful infection within the host (Singh et al., 2004) . CaSsk1p is essential for the pathogenesis of C. albicans, since disruption of the encoding gene causes the total loss of virulence in a mouse model of haematogenously disseminated candidiasis (Calera et al., 2000) . Furthermore, CaSsk1p regulates a subset of genes whose functions are associated with cell wall biosynthesis and stress adaptation (Chauhan et al., 2003) . The relationship between CaSsk1p and the three histidine kinases is poorly understood. There is evidence that a CaSln1p-CaSsk1p cascade regulates activation of the mitogen-activated protein (MAP) kinase CaHog1p (high osmolarity glycerol) (Bahn, 2008; Kruppa & Calderone, 2006) . CaHog1p is mainly responsible for mediating osmotic stress resistance by triggering expression of glycerol synthesis-related genes, but participates in the regulation of cell wall biosynthesis as well (Monge et al., 2006) . However, a connection between CaSsk1p and the signalling pathways of the two other histidine kinases, Cos1p and Chk1p, has also been discussed (Bahn et al., 2007; Kruppa & Calderone, 2006; Santos & Shiozaki, 2001 ).
In our study, the function of histidine kinases for the recognition of C. albicans by phagocytes, and thus for the escape from the immune system, was investigated. We present data indicating for what we believe to be the first time that deletion of Chk1p leads to an enhanced internalization of the mutant, which can be traced back to an increased accessibility of b-glucans for antibody binding, so that it can be concluded that Chk1p participates in processes of masking b-glucans from immune recognition. An involvement of the other histidine kinases as well as the response regulator CaSsk1p in these processes was found to be unlikely. (Brachmann et al., 1998) . Yeasts were routinely cultivated in yeast extract peptone dextrose (YPD) medium (Sigma) at 30 uC with orbital shaking at 160 r.p.m. For infections, yeasts grown to stationary phase were harvested, and a concentration of 1610 8 yeast cells ml 21 was obtained by dilution with PBS. Where necessary, yeast cells were heat-killed (HK) by heating to 65 uC for 1.5 h. Following centrifugation (16 000 g, 5 min, 24 uC), yeasts were washed twice with 1 ml PBS before the desired yeast concentration was adjusted in DMEM+10 % (v/v) FCS (heatinactivated for 30 min at 55 uC, Lonza). This medium was used to maintain the maximum viability of the phagocytic cells, which was significantly affected in medium without serum when incubation times exceeded 1 h. However, we heat-inactivated the serum, a treatment which is considered to inactivate the complement system so that the yeast cells are not opsonized.
METHODS
For b-1,3-glucan digestion of the yeast cell wall, 1610 8 yeasts were treated with 1 mg b-1,3-D-glucanase from Helix pomatia (Sigma) in 1 ml sodium acetate buffer (150 mM, pH 5.0) at 37 uC overnight, and then yeast cells were washed twice with 1 ml PBS before the desired yeast concentration was adjusted in DMEM+10 % FCS.
For phagocytosis or phagosome acidification assays, 1610 8 yeast cells ml 21 were labelled with FITC (Sigma, 1.25 mM in 0.1 mM sodium bicarbonate buffer, pH 9.0, +0.5 % DMSO) or Texas Red (Molecular Probes/Invitrogen, 0.06 mM in 0.1 mM sodium bicarbonate buffer, pH 8.3, +0.5 % DMSO), respectively. After incubation at 4 uC overnight, yeasts were washed three times with PBS to remove unbound dye before the desired yeast concentration was obtained in DMEM+10 % FCS.
Phagocytosis assay. Phagocytosis of yeasts by RAW264.7 cells and PMNs was quantified as previously described . Briefly, phagocytes were seeded in 96-well plates (2610 6 cells ml 21 , 100 ml per well) and incubated for 2 h to let the cells adhere before the supernatant was replaced by 100 ml of a suspension of 4610 6 ml 21 FITC-labelled yeasts (see above) in DMEM supplemented with 10 % FBS (host : pathogen ratio of 1 : 2). Phagocytosis was allowed to proceed at 37 uC in a 10 % CO 2 in air atmosphere for up to 60 min. At indicated time points, the yeast suspension was removed and trypan blue (Fluka, 250 mg ml 21 in PBS) was added to quench the fluorescence of the yeasts which were bound but not internalized by the phagocytes. After incubation at room temperature for 1 min, the remaining fluorescence of the phagocytosed yeasts was determined through the bottom of the microtitre plate by a fluorimetric multi-well plate reader (CytoFluor Series 4000, PerSeptive Biosystems). Data analysis was based on the mean of the fluorescence values (relative fluorescence units; RFU) of at least eight wells per experiment. Background fluorescence was determined from the fluorescence of wells containing yeasts but no macrophages. Data are presented as total fluorescence minus background fluorescence.
For competitive inhibition of phagocytosis triggered by b-1,3-glucans, the supernatant of adherent RAW264.7 cells (2610 6 cells ml 21 , 100 ml per well) was aspirated and 100 ml laminarin per well (Sigma, 2 mg ml 21 in DMEM+10 % FBS), a b-1,3-glucan from the alga Laminaria digitata, was added followed by incubation for 10 min on ice to let the inhibitor bind to b-1,3-glucan recognition receptors without being ingested. Subsequently, unbound laminarin was removed and macrophages were infected with FITC-labelled yeasts, as described above.
Phagosome acidification assay. RAW264.7 cells (1610 5 cells ml 21 , 750 ml) were seeded onto circular coverslips (Menzel, 20626 mm) in four-well plates and allowed to adhere at 37 uC in a 10 % CO 2 in air atmosphere for 2 h. The supernatant was aspirated and 750 ml of a suspension consisting of DMEM supplemented with 10 % FBS, LysoTracker Green DND-26 (Molecular Probes/Invitrogen, 150 nM) and 1610 6 ml 21 Texas Red-labelled yeasts (host : pathogen ratio 1 : 10) was added. After incubation for 1.5 h, coverslips were transferred onto a slide and observed by fluorescence microscopy (Axioplan, Zeiss). Analysis was done using the corresponding AxioVision 3.1 software (Zeiss). Successful acidification of phagosomes containing Texas Red-labelled yeasts was indicated by the appearance of both LysoTracker Green DND-26 and Texas Red fluorescence within the phagosomes. Consequently, merging of images of the different fluorescence channels resulted in yellow fluorescence. For quantitative analysis, the percentage of acidic (yellow) phagosomes per image was determined by counting yellow and red phagosomes.
Immunofluorescence labelling and detection of b-1,3-glucans and mannans. For immunofluorescence labelling of b-glucan and mannan, yeasts were incubated with specific AlexaFluor 488-conjugated antibodies and FITC-concanavalin A, respectively, according to procedures given by Jouault et al. (2006) and Tkacz et al. (1971) , and labelling was detected via fluorescence microscopy and flow cytometry.
Yeast cells (3610 6 ) were washed twice with 1 ml PBS containing 2 % FBS (16 000 g, 5 min, 24 uC) before 200 ml monoclonal mouse antib-1,3-glucan IgG (Biosupplies Australia, 7 mg ml 21 in PBS+2 % FBS) was added and incubated at room temperature for 30 min. After stringent washing to remove unbound primary antibody, yeasts were incubated with 200 ml AlexaFluor 488-labelled goat anti-mouse IgG (Invitrogen, 200 mg ml 21 in PBS+2 % FBS). As a negative control, only the secondary antibody was added. After incubation at room temperature for 45 min, yeasts were washed again and fixed with 0.4 % paraformaldehyde in PBS.
Yeast from an overnight culture was adjusted to a final OD 620 of 0.1 (mQuant microtitre plate reader, BioTek) in 0.18 ml. The cells were Table 1 . Genetic background of the C. albicans strains used in this study
Strain
Synonym Genotype Reference washed twice with 0.9 % NaCl, collected by centrifugation and resuspended in 500 ml of a FITC-concanavalin A solution (Sigma, stock solution 1 mg ml 21 ) diluted 1 : 50 with 0.9 % NaCl. After 30 min at room temperature, cells were collected by centrifugation and washed twice with 1 ml 0.9 % NaCl. All reactions were performed at room temperature. After washing, cells were fixed in 0.4 % formalin and analysed by flow cytometry.
Images of labelled yeasts were taken with a digital fluorescence microscope (Biozero BZ-8100E, Keyence) and processed using the corresponding software (BZ-8000 Image Analysis Application, Keyence). Fluorescence intensity was quantified on a BD FACSCanto flow cytometer (BD Biosciences). For data acquisition, forward and side scatter were detected on linear scales, while AlexaFluor 488 fluorescence was analysed on logarithmic scales. Yeast cells were gated by forward and side scatter based on the size and shape of intact yeasts, and the AlexaFluor 488 fluorescence intensity of at least 5000 gated cells was calculated using FACSDiva 5.0 software (BD Biosciences). The fluorescence histograms were performed in FlowJo 5.7.2 (Tree Star, Inc.).
Interleukin (IL) detection via ELISA. In a 96-well plate, adherent RAW264.7 macrophages (5610 5 cells ml
21
, 100 ml per well) were infected with yeast cells (1610 5 yeasts ml 21 in DMEM supplemented with 10 % FBS, 100 ml per well) and co-incubated at 37 uC in a 10 % CO 2 in air atmosphere for either 1 h (for IL-6 detection) or 6 h (for IL-10 detection). As negative controls, RAW264.7 cells were cultivated without yeasts. After centrifugation of the plates (2250 g, 5 min, 4 uC), supernatants were collected and stored at 280 uC until assays were performed. IL-6 and IL-10 concentrations were determined with ELISA kits (ELISA Ready-SET-Go!, eBioscience) according to the protocol of the manufacturer. For analysis, the difference with respect to the background of RAW264.7 cells cultivated without yeasts was considered. 
RESULTS
Deletion of CHK1 leads to a highly significant increase in phagocytosis of C. albicans
The 3D arrangement of cell wall components of fungal pathogens is of major importance for the activation of immune defence reactions. As the three C. albicans histidine kinases CaSln1p, Cos1p and Chk1p are known to participate in cell wall biosynthesis and virulence (Kruppa & Calderone, 2006) , we investigated the effects of the deletion of histidine kinase-encoding genes on the interaction between C. albicans and innate immune cells. Previously, we had established a quantitative fluorimetric phagocytosis assay , which is performed in microtitre plates and in which fluorescence only from attached, and not from internalized cells, is quenched by trypan blue. Moreover, we used wells without phagocytic cells to control for quenching efficiency and occasionally controlled results by microscopic inspection. Thus, we could reliably detect internalized cells alone and perform time-course studies of the phagocytotic activity of the murine macrophage cell line RAW264.7 with the C. albicans histidine kinase mutants Dchk1, Dchk1/CHK1, Dcos1, Dcasln1, the appropriate parental strain CAF2-1, and the non-pathogenic baker's yeast S. cerevisiae (Fig. 1a) . Remarkably, phagocytosis of Dchk1 was significantly enhanced compared with that of CAF2-1. At all time points, fluorescence values representing the internalization of Dchk1 were at least fivefold higher than values of CAF2-1 (for all time points, P,0.0001). To verify that serum components had no influence, we repeated the experiments with CAF2-1 and Dchk1 without the addition of serum to the medium and obtained the same relative phagocytic efficiency (data not shown). Moreover, phagocytosis of Dchk1 was similar to that of S. cerevisiae, i.e. phagocytosis of the deletion mutant reached a non-pathogenic level. By contrast, uptake of the gene-reconstituted strain Dchk1/CHK1 and the other two histidine kinase mutants Dcos1 and Dcasln1 strongly resembled that of CAF2-1. These results indicated that among all C. albicans histidine kinases, Chk1p plays a prominent role in recognition and uptake of C. albicans by RAW264.7 cells. Due to these findings, further experiments were focused on the phagocytosis of Dchk1.
To validate the data obtained with RAW264.7 cells, we used J-774A.1 cells as an additional murine phagocyte cell line. As shown in Fig. 1(b) , we found that like RAW264.7 cells, J-774A.1 cells internalized Dchk1 more efficiently than CAF2-1, especially during early time points (30 min). Next, we used freshly isolated murine PMNs (Fig. 1c) as well as human PMNs (Fig. 1d ) in order to prove that primary phagocytes also exhibit an enhanced activity against CHK1-deficient C. albicans yeasts. For both cell types, we indeed found an increased uptake of Dchk1 compared with CAF2-1. The difference seen in the phagocytotic activity of human and murine neutrophils, i.e. the higher activity of the human cells, is not significant, as it was strongly dependent on the human donor, and the time between isolation and application of the murine cells was longer than for the human cells, which may have decreased the activity. Thus, phagocytosis of different yeast strains by a given phagocyte can be compared, but not data from different primary phagocytes, and these results clearly demonstrated that deletion of CHK1 yields a significantly enhanced phagocytosis of C. albicans yeasts by phagocytes from different sources. These data are not in full agreement with those obtained by Torosantucci et al. (2002) , who did not observe an increased uptake rate in neutrophils. However, the phagocytosis activity in the earlier study was deduced from [ 3 H]glucose incorporation into the respective yeast strain, which is a more indirect method to evaluate internalization and does not easily allow a distinction between attached and internalized yeast cells. Thus, the different results may be due to the different assay principles.
Enhanced acidification of phagosomes containing Dchk1
Killing of internalized pathogens is attributed to the release of reactive oxygen and nitrogen species as well as to the fusion of phagosomes with lysosomes, which contain albicans actively modulates intracellular membrane trafficking in mouse macrophage phagosomes. It is conceivable that the histidine kinase Chk1p is involved in these defence reactions because it has been shown elsewhere that human PMNs have an enhanced growth-inhibitory and killing effect on a C. albicans strain that lacks CHK1 (Torosantucci et al., 2002) . As histidine kinases of the pathogenic bacterium Ehrlichia chaffeensis are known to be involved in blocking the fusion of bacteria-containing phagosomes with lysosomes (Kumagai et al., 2006) , we investigated whether deletion of CHK1 likewise affects the maturation of phagosomes carrying C. albicans yeast cells. As acidification is one of the major steps of phagosome maturation, we analysed the decrease of the phagosomal pH as representative of the overall process. Moreover, the study of Fernández-Arenas et al. (2009) had shown that the results obtained from acidification studies correlate well with those of other lysosome markers. Therefore, the null mutant Dchk1, the parental strain CAF2-1 and the non-pathogenic yeast S. cerevisiae were labelled with Texas Red and used for infection of RAW264.7 macrophages. Simultaneously, acidic organelles of the phagocytes were stained with the pHsensitive dye LysoTracker Green DND-26. Representative overlay images of the different fluorescence channels are shown in Fig. 2(a-c) . A green colour indicates the presence of an acidic organelle, i.e. the phagolysosomes, and red the presence of yeasts. If yeasts were found in acidic organelles, i.e. a green and a red colour were present in the same site, this resulted in yellow light and was taken as an indicator of successful phagosome maturation. In order to quantify the influence of the ingested yeast strains on phagosome acidification, we determined the proportion of acidic phagosomes of the total number of phagosomes by analysing a minimum of 200 phagosomes per strain (Fig.  2d) . In fact, we found a highly significant difference between CAF2-1 and Dchk1 (P,0.0001). During infection with the mutant,~50 % of the phagosomes showed an accumulation of the acid-specific fluorescent dye, whereas a mere 7 % of the CAF2-1-containing phagosomes were found to be acidic. Moreover, the analysis of the images validated the results obtained from the fluorimetric phagocytosis assays (Fig. 1) , because fewer internalized CAF2-1 compared with Dchk1 cells could be found. During infection with S. cerevisiae, 66 % of the phagosomes became acidic, but the statistical evaluation revealed no significant difference between the S. cerevisiae and Dchk1 results (P~0.2). These data demonstrated that deletion of CHK1 enhances acidification of phagosomes during infection with C. albicans to a level comparable with that of a non-pathogenic yeast.
In Dchk1, the accessibility of b-1,3-glucans is increased Earlier studies had shown that cell wall mannans of CHK1-deficient C. albicans yeasts are significantly truncated and that the glucan content is also lower than in the wild-type strain (Kruppa et al., 2003; Li et al., 2009 ). The inner b-glucan layer of the C. albicans cell wall is known to be shielded by these mannan chains (Netea et al., 2008; Wheeler & Fink, 2006) . However, it has been shown that treatment of C. albicans with subcritical concentrations of the antifungal compound caspofungin leads to both lower bulk levels and increased exposure of b-glucan (Wheeler & Fink, 2006) . Thus, we hypothesized that due to the shorter mannans the b-glucans of the mutant could be exposed to immune recognition. To verify this assumption, we compared the accessibility of b-1,3-glucans from Dchk1 and CAF2-1 for immunolabelling using an anti-b-1,3-glucan antibody followed by an incubation with an AlexaFluor 488-labelled secondary antibody. In addition, HK CAF2-1 was included as a positive control because it has been shown that heat treatment of C. albicans leads to exposure of b-1,3-glucans Martínez-Esparza et al., 2006) . Immunolabelling of CAF2-1 resulted in only poor fluorescence (Fig. 3a) , whereas Dchk1 was efficiently stained and achieved high median fluorescence intensities, indicating a high amount of accessible b-1,3-glucans (Fig. 3b) . In contrast to Dchk1, the revertant strain Dchk1/CHK1 showed low fluorescence values (data not shown), i.e. the reconstitution of the gene recovered the phenotype of the reference strain. High fluorescence intensities were obtained for HK CAF2-1 as well as S. cerevisiae (Fig. 3c, d ), whereas the median fluorescence of antibody-stained Dcasln1 and Dcos1 was only slightly increased compared with CAF2-1 (data not shown). These results clearly corroborated that among the histidine kinase genes, only the deletion of CHK1 leads to an increased b-1,3-glucan exposure on the C. albicans cell wall surface up to the levels of S. cerevisiae and HK CAF2-1.
As increased glucan accessibility could correlate with decreased amounts of accessible mannans, we studied the accessibility of mannans by staining with FITClabelled concanavalin A followed by FACS analysis. For all strains we observed significantly higher levels of mean fluorescence than for the glucan staining, which may be due to different affinities of the labelling reagents but also agrees with the presence of mannans as the outer layer. This higher basal level is probably the reason for the less pronounced effect of CHK1 deletion (as a percentage) on the reduction of mannan accessibility (Table 2) . Phagocyte responses to HK CAF2-1 and Dchk1 are equivalent An early report had shown that phagocytosis of HK C. albicans by monocytes is mediated by b-glucan receptors (Janusz et al., 1988) . Moreover, we previously observed that treatment of C. albicans with heat leads to an enhanced phagocytosis efficiency . In addition, the study of Fernández-Arenas et al. (2009) has shown that living C. albicans cells are able to block phagosome acidification while HK cells are not. This could be due to the vitality of the pathogen, but also due to changes in cell wall structure, as b-glucans are also exposed in HK C. albicans. Due to these facts, we compared the activity of RAW264.7 macrophages towards HK CAF2-1 and Dchk1, and found that both yeast uptake and phagosome maturation during infection with HK CAF2-1 and Dchk1 reached equivalent levels (Fig. 4) . By contrast, heat-killing of Dchk1 had almost no effect on these processes (data not shown). With regard to our finding that both deletion of CHK1 and heat treatment of C. albicans lead to an enhanced b-1,3-glucan surface exposure (Fig. 3) , the enhanced activity of macrophages towards HK CAF2-1 and Dchk1 can be attributed to an increased accessibility of the cell wall b-1,3-glucans for immune recognition.
Perturbation of b-1,3-glucan interactions with phagocytes inhibits phagocytosis b-1,3-Glucan interactions with corresponding receptors of the macrophages were inhibited by either enzymic digestion of the yeast cell wall glucans using b-1,3-glucanase or pre-incubation of the macrophages with laminarin (2 mg ml 21 ), a b-1,3-glucan from L. digitata which can compete with the yeast glucans for carbohydrate-binding receptors of the macrophages. As shown in Fig. 5(a) , ingestion of Dchk1 pre-treated with b-1,3-glucanase was significantly decreased, while uptake of CAF2-1 was only slightly affected by enzymic digestion. This effect was not due to an increased cell lysis resulting from b-1,3-glucanase treatment, as the viability of the yeast strains was not influenced (data not shown). However, it cannot be excluded that glucanase treatment leads to additional changes of the cell wall. That is why we complemented these investigations by those with the inhibitor laminarin. These data are shown in Fig. 5(b) , and the effects of blocking b-1,3-glucan-dependent phagocytosis were similar to those of the enzymic digestion. Thus, we clearly demonstrated that b-1,3-glucans are strongly involved in the recognition and uptake of Dchk1 but not of CAF2-1 (under both inhibitory conditions, difference between mutant and CAF2-1: P,0.001). The role of b-1,3-glucans for phagocytotic uptake of C. albicans has been shown for caspofungin-treated yeast (Wheeler & Fink, 2006) The major innate immune receptor for b-1,3-glucans is dectin-1 (Adams et al., 2008; Brown et al., 2002; Taylor et al., 2007) , a C-type lectin-like receptor that triggers immune defence mechanisms such as phagocytosis, upregulation of immune killing mechanisms and the production of proinflammatory cytokines, and protects against fungal disease in mice (Gantner et al., 2005; Gow et al., 2007; Wheeler et al., 2008) . Thus, the increased exposure of b-1,3-glucans on the surface of Dchk1 should enhance not only phagocytosis, which is stimulated via .7 macrophages were pre-treated with the competitive inhibitor laminarin (2 mg ml "1 ) before the fluorimetric phagocytosis assay was performed (phagocytosis time545 min). Boxplots show percentages of the residual phagocytosis with the values obtained from untreated cells set as 100 %. The bottom and top of the box represent the lower and upper quartiles. The band and the dot inside the box show the median and the mean of the data, respectively. Whiskers display minimum and maximum of all data. Analysis was based on at least 15 measurements. Experiments were repeated on multiple days.
dectin-1, but also the secretion of cytokines, which are under the control of signal transduction pathways originating in ligand binding to dectin-1. Although the induction of proinflammatory cytokines includes collaborative signalling of dectin-1 with TLR2, in macrophages the activation of dectin-1 is sufficient for these effects (Steele et al., 2003) . Among these cytokines are IL-6 and IL-10 ( Gow et al., 2007; Meyer-Wentrup et al., 2007) . Concentrations of IL-6 and IL-10 were determined in the supernatants of RAW264.7 macrophages infected with Dchk1 and CAF2-1. In Fig. 6 it is shown that deletion of CHK1 indeed led to highly significant increases in both IL-6 and IL-10 production (P,0.001 and P,0.002, respectively), indicating a stronger activation of dectin-1.
CHK1-triggered signalling is not mediated through the response regulator CaSSK1
Fungal histidine kinases are parts of two-component signal transduction systems in which phosphotransfer proceeds from histidine residues to aspartate residues in receiver domains of regulatory proteins (Chauhan & Calderone, 2008; Kruppa & Calderone, 2006) . From these response regulators the signal is further transferred, for example to MAP kinase cascades. A well-known example is the pathway from the histidine kinase Casln1p to the MAP kinase CaHog1p via the response regulator CaSsk1p. Recently, for Chk1p, a functional relationship with the MAP kinase Cek1p has been shown for some phenotypes, which also include mannan biosynthesis (Li et al., 2009) . Moreover, it has been shown that Cek1p is also involved in b-1,3-glucan masking and correspondingly influences immune defence reactions (Galán-Diez et al., 2010). However, a pathway which links Chk1p directly to Cek1p and which comprises a response regulator downstream of Chk1p has not yet been elucidated. In C. albicans, two response regulators are known, CaSsk1p and Skn7p (Calera & Calderone, 1999b; Singh et al., 2004) , but only CaSsk1p has been found to be involved in virulence and cell wall biosynthesis (Calera et al., 2000; Chauhan et al., 2003) . However, it had not yet been shown whether CaSsk1p is integrated in the Chk1p pathway. Thus, the interaction of the CaSSK1-deletion mutant Dcassk1 (Table 1) with RAW264.7 macrophages was evaluated via phagocytosis efficiency and acidification of yeast-containing phagosomes, and compared with Dchk1 and CAF2-1 (Fig. 7) . Although a slight increase in both uptake of Dcassk1 (Fig.  7a ) and phagosome maturation (Fig. 7b) was observed, statistical analysis revealed no significant difference from CAF2-1, whereas responses were significantly different from those of Dchk1 (P,0.001). Thus, the deletion of CaSSK1 does not have the same effect on the activity of phagocytes as deletion of CHK1, so that an interaction between Chk1p and the response regulator CaSsk1p in the investigated processes cannot be assumed.
DISCUSSION
Since the C. albicans histidine kinases Chk1p, Cos1p and CaSln1p were identified as virulence factors in 1999 (Calera et al., 1999; Yamada-Okabe et al., 1999) , several studies have been performed to elucidate how these enzymes contribute to the pathogenicity of this opportunistic fungus. In the last decade, it has been found that the histidine kinases are involved in a wide variety of processes, such as the conversion from yeast to hyphal forms, and the adaptation to osmotic and oxidative stress conditions (Kruppa & Calderone, 2006) . However, all three histidine kinases are also known to be associated with the regulation of cell wall mannan biosynthesis (Kruppa et al., 2003 (Kruppa et al., , 2004 . As the fungal cell wall not only serves as a protective barrier but also is the site of interaction with host cells such as phagocytes, we were interested in whether the histidine kinases influence phagocyte responses to C. albicans infection. We found that disruption of COS1 and CaSLN1 affects phagocytosis only slightly, whereas deletion of CHK1 dramatically enhances uptake of C. albicans by different types of phagocytes. These findings are consistent with an earlier study which revealed that a CHK1-deficient C. albicans strain is totally avirulent in a mouse systemic candidiasis model, whereas during infection with Dcos1 and Dcasln1 mutants, virulence is merely reduced (Yamada-Okabe et al., 1999) . It should be noted that no morphological differences between the mutants and the reference strain were observed. All strains were in the yeast form during phagocytosis assays. Hyphae formed only during prolonged co-cultivation with phagocytes. Thus, we were able to discover a novel process in which Chk1p is involved, underlining the fact that among all C. albicans histidine kinases, Chk1p plays a prominent part in pathogenicity. Moreover, further investigations were able to show that Chk1p not only is involved in the escape of C. albicans from being ingested by immune cells but also participates in blocking phagosome maturation, a property which has so far been exclusively described for bacterial histidine kinases (Kumagai et al., 2006) . This result could provide an additional approach to explain why CHK1-deficient C. albicans mutants have been shown to be highly susceptible to intracellular killing mechanisms of human neutrophils (Torosantucci et al., 2002) . Until recently, this fact was mainly traced back to the enhanced sensitivity of the mutant to the oxidative burst.
Our next goal was to elucidate whether the role of C. albicans Chk1p in host-pathogen interactions is connected to its involvement in cell wall biosynthesis. The fungal cell wall is organized in a layered 3D structure consisting of polysaccharides such as chitin, mannans and b-glucans partly associated with cell wall proteins. Intensive research has been focused on the impact of the different cell wall components on immune recognition of C. albicans (for an excellent review, see Netea et al., 2008) . Although all constituents of cell wall structures have been found to have the capability to stimulate immune response mechanisms, the b-glucan layer is considered to be the major immune stimulatory component of the cell wall. Paradoxically, the b-glucans of C. albicans have been described as buried underneath a dense mannan coat, and thus to be hidden from immune recognition (Ruiz-Herrera et al., 2006; Wheeler & Fink, 2006) . For example, analysis of sera from rabbits immunized with C. albicans has revealed predominantly anti-phosphopeptidomannan antibodies and only low levels of anti-glucan antibodies, supporting the conclusion that b-glucans are localized mainly in the inner part of the cell wall (Kondori et al., 2003) . As it had already been reported that deletion of CHK1 leads to truncated mannan chains (Kruppa et al., 2003) , our aim was to prove the hypothesis that the b-glucans of the mutant were exposed due to the shorter mannans. Indeed, we were able to correlate the increased efficiency of phagocyte responses to Dchk1 with an enhanced accessibility of the mutant surface b-1,3-glucans for immune recognition.
The receptor dectin-1 is widely described as the major bglucan recognition receptor in innate immune defence against fungal infections. Its activation stimulates phagocytosis (Netea et al., 2008) , which correlates with the increased phagocytosis activity of those strains with an increased b-1,3-glucan exposure. However, dectin-1 is also involved in cytokine secretion. Frequently IL-6 and IL-10 are considered as indicators of dectin-1 activation, as it has been shown that the interaction of HK C. albicans and primary human phagocytes leads to IL-6 and IL-10 secretion, which can be suppressed by blocking dectin-1 (Gow et al., 2007) . However, the necessity of TLR2 in particular for IL-10 production has also been discussed (Netea et al., 2008; Goodridge et al., 2007; Slack et al., 2007) , and may be dependent on the cell type (Steele et al., 2003) , as in some studies a TLR2 involvement has been claimed (Netea et al., 2008) , whereas others clearly show an independence from TLR2 for macrophages (Goodridge et al., 2007; Steele et al., 2003) . We found an enhanced production of IL-6 and IL-10 when macrophages were incubated with Dchk1 (in comparison with CAF2-1), which we took as another indicator of stronger dectin-1 involvement in the case of Dchk1.
Thus, we observed that the cytokine secretion and the efficiency of phagocytosis of all yeast strains tested in this study were directly related to the b-1,3-glucan exposure on the yeast surface. These findings correlate with those of a recently published work, in which it was discovered that treatment of C. albicans with subinhibitory concentrations of the antifungal agent caspofungin, an echinocandin targeting the b-1,3-glucan synthase, stimulates immune defence mechanisms as a consequence of an increased surface b-1,3-glucan expression (Wheeler & Fink, 2006) . Using an S. cerevisiae mutant libary, those authors uncovered a genetic network required for an enhanced bglucan surface expression. The identified genes were largely known to be involved in polarized cell wall remodelling and cell wall integrity pathways. In contrast to that study, in our investigations the parental strain of the mutant collection also showed a significant b-glucan accessibility. The reason for this discrepancy cannot be elucidated. However, we can now identify the C. albicans histidine kinase Chk1p as a regulatory protein which influences the accessibility of the b-1,3-glucan layer for host-pathogen interactions, and which is absent in S. cerevisiae. Thus, results from the non-pathogenic yeast S. cerevisiae elucidate the mechanisms in C. albicans only to a limited extent, and Chk1p could be considered a valuable drug target in C. albicans. Nevertheless, we expect that deletion not only of CHK1 but also of other genes will lead to increased bglucan exposure, as has already been described for the MAP kinase CEK1 (Galán-Diez et al., 2010), i.e. a genetic network also exists in C. albicans that is involved in the set-up of the 3D cell wall structure and of which Chk1p is one element and Cek1p another.
Further investigations are required to define in detail the intracellular mechanisms triggered by Chk1p. Fungal histidine kinases are commonly assumed to participate in two-component signal transduction systems, but until now a response regulator involved in Chk1p-dependent pathways has not been identified. In our work, we could show that signalling from Chk1p is unlikely to be mediated through the response regulator CaSsk1p, at least in processes related to phagocytosis and phagosome acidification. This finding accords with an earlier study of a human oesophageal epithelial candidiasis model which indicated an involvement of Chk1p and CaSsk1p in different transduction pathways (Li et al., 2002) . As Chk1p is a typical fungal hybrid histidine kinase, the protein possesses not only the histidine kinase domain but also a receiver domain (Santos & Shiozaki, 2001) . It is described as a cytosolic protein, and thus could act as a response regulator itself, as has already been discussed (Kruppa & Calderone, 2006) . Furthermore, Chk1p also contains an additional domain which shares homology with prokaryotic serine-threonine kinase domains (Calera & Calderone, 1999a; Santos & Shiozaki, 2001) , so that a role for Chk1p in MAP kinase signalling cascades has already been speculated (Kruppa & Calderone, 2006) . The C. albicans MAP kinases Mkc1p and Cek1p are involved in cell wall integrity pathways and regulate cell wall biosynthesis (Monge et al., 2006) . Interestingly, it has recently been shown that deletion of CEK1 also leads to truncated mannan layers (Li et al., 2009) . These findings raise the question of whether the histidine kinase Chk1p engages with MAP kinase pathways. Thus, future work could include C. albicans strains with specific point mutations to inactivate the respective protein domains of Chk1p and identify those which are responsible for the effects observed in this study. Moreover, fusion proteins with fluorescent proteins would indicate whether the intracellular localization (cytosol/nucleus) of the protein changes in response to the organism's environment.
In conclusion, we have shown for the first time that the C. albicans histidine kinase Chk1p influences processes which enable this pathogenic fungus to mask its b-1,3-glucans from phagocyte recognition. This opens novel strategies for antifungal therapies, as the manipulation of the 3D structure of the cell wall by targeting the exposure of bglucans via Chk1p does not lead to lethality, and hence does not select resistant strains, but improves the efficiency of immune defence reactions. Since homologues of fungal histidine kinases are unknown in mammals, compounds targeting these enzymes might cause fewer side effects than currently used antimycotic agents such as the polyene amphotericin B.
